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PATENT TRADEMARK OFFICE 



REACTOR FOR PRODUCING HYDROGEN FROM 
HYDROCARBON FUELS 

DESCRIPTION 

Technical Field 

The present invention is related to reactors which 
liberate hydrogen from hydrocarbons by reforming reactions, 
5 and more particularly to novel: reactor geometries; 
reaction zone relationships; reaction stream flow paths; 
heat transfers; and, reactant feed systems. 
Background of the Invention 

Reforming hydrocarbons including alcohols to 

10 produce hydrogen is well known and many reactors have been 
constructed for this purpose, for example see U.S. Patent 
No, 5,458,857 to Collins et . al . , and U.S. Patent No. 
5,030,440 to Lywood et . al . Reforming reactions are also 
known to be coupled in a reactor process stream with 

15 partial oxidation reactions (e.g., autothermal reforming) 
and shift reactions. 

One important use of the hydrogen liberated by 
reforming is the production of electricity in an 
electrochemical fuel cell which uses the hydrogen as a 

20 fuel . A significant advantage of producing hydrogen in 
this manner is that reactors can be coupled directly to a 
fuel cell and can be controlled to produce hydrogen as 
needed based upon a fuel cell's load demands. The storage 
and handling of reactants to produce the hydrogen is 

25 easier, safer and more energy-dense than stored bulk, 
hydrogen . 

Recently, a commercial market has emerged for 
clean, portable, electric power generation from fuel cells. 




To enhance portability- of a fuel cell it is advantagei^us 
that it be compact and lightweight. Accordingly, a reactc^r 
to supply hydrogen to the fuel cell must also be irompa^rt 
and lightweight. The reactants on which a hydrogen- 
5 producing reactor operates shcaild be readily available, to 
foster acceptance and wide usage. A preferable reactant 
fuel should be easily storah'le to minimize fuel storage 
volume . 

However, problems exist with conventional reactor 

10 designs with regard to meeting the above-stated need.s £ 
portability and compactness. A small system employing 
conventional technology is ant i'liipated to have increaseid 
heat losses relative to reactant fuel throughput. This 
would result in inherently lower efficiencies than 

15 conventional systems used for larger power outputs. 

Also, parasitic p'Dwer requirements, whi::;h are 
generally dominated by air or hydrocarbon fuel compressors, 
blowers or pumps, can reduce the usable total energy- 
producing potential of the system sufficiently to make such 

20 a system unattractive for utilization in most portaole 
applications . 

One cause for the need of parasitic power is the 
total pressure drop of a reaction stream through a reactcir 
having two or more zones where reactions occur. The 

25 pressure drop (or looked at another way the pressure 
required to drive a reactic^n stream through the reactor) 
results in~part, from the internal geometries and react ic^n 
stream flow paths provided by these conventional reactCjrs . 

Some have provided reactors which direct the 

30 reaction stream along tortuc^us flow paths, such as through 
helical zones, or by cnanging (most often, completely 
reversing) flow directions in one zone versus another. 




3 



Also, the reaction stream may be transferred frc'm one zone 
to another through some form of cc-ns t r ict ing geometry such 
as an orifice or annular transitic-n zone, for example, see 
Collins et . al . and Lywood et . al . These types of flow 
5 paths, which among other things, are designed to effect 
a^lvantageous heat transfers, increase pressure requirements 
for the system. 

Others have provided reactors where the reaction 
stream flow path from zone to zone is more direct and is 

10 generally in a single direction traversing zone to zone. 
However, these configurations limit flow throughput by 
providing a flow path area only as large as a single cross- 
sectional area of the reactor zone, for example see U.S. 
Patent Nos . 4,822,521 to Fuderer; 4,789,540 to Jenkins ,- 

15 4,716,023 to Christner; 4,522,894 to Hwang et . al . 

The present invent icin has been provided t:o cure the 
above deficiencies in the art and to provide other 
advantages to meet the needs Df the market: tor the 
production of hydrogen for general purposes ^md in 

20 particular as a source of fuel for fuel cells. 
Summary of the Invention 

The present invention provides a reformer reactor 
which liberates hydrogen from hydrocarbon fuels including 
alcohol, with carbon dioxide, water, and carbon monc-xide as 

2 5 by-products. The hydrogen produced by the reactor, among 
other things, can be electrochemically combined with oxygen 
in a fuel cell to produce electric power. 

Preferred embodiments of the invention were 
developed primarily for portable power af 'pi ica t ions 

30 requiring a relatively small chemical processing system. 
Nevertheless, the same principals applicable to the 
preferred embodiments of the present invention are believed 
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to provide advantages foi^ larger systems for prC'du::ing 
hydrogen fcir its many purposes in industry. 

For example, the fcllowrng principles of structure 
and function contemplate! by the present inventicn are 
believed to apply generally to reactC'rs foi: reforming 
hydrocarbon fuels to make hydrogen: internal and overall 
reactor geometry permitting reduced pressure requirements 
for reaction stream flow; synergistic relationship between 
reaction stream flow path and overall thermal losses of the 
reactor; reduction of j:arasitic power requirements; 
synergistic heat transfers between reaction stream flow 
paths and reactant feed stream preheat requirements; 
optimization of heat transfer while minimizing flC'W 
restrictions on the react:.on stream; and, the provision cif 
thermal gradients across catalyst beds for optimization c^f 
catalyzed 2~eactions. Accc^rding to the invention one c-r 
more of these principles may be applied to, or result from, 
the following novel strucrtures. 

A reformer reactor according to the inventic^n 
include^s at le;ast a first ;:one and a second zone adjacent 
the fii'st zone. A flow path is provided for directing flow 
of a reaction stream in diverging directions from the first 
zone into the second zone. The flow path of the reaction 
stream is such that the reaction stream continues in the 
same general diverging directions through the second zone 
as it did entering the second zone . 

with a flow patn according to the present 
invention, configured to permit flow in diverging 
directions and continuing In the same directions through 
each desired zone, a lower pressure is required for flowing 
the reaction stream. This reduces the parasitic 

requirements of the reactor. Conversely, if desired, the 
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same configuration will permit a higher throughput for any 
given system power ascribed tc> flowing reactants . 

In another respect, directing the flow in diverging 
directions also permits flow into and through a zone over 
5 more than just a single cross - sect ional geometry of the 
zone or a single cross - sect ion of the flow path transverse 
to the direction of flows. For example, in reactors where 
flow is axial, in one direction, flow from one zone to the 
next is limited to a flow path of no larger cross - sect ional 

10 area than the cross section (taken transverse to the 
direction or flow) of the ::one itself. If, however, 
according to the principles of the present invention, the 
flow path is directed from a £irst zone towards two second 
zones, one on either side of the first zone, the flow could 

15 be directed at 180 degree divergent directions down the 
same axis. This would effectively double the cross sectxon 
of the flow path into and through the second zones . 
Accordingly, the pressure drop would decrease for the same 
level of throughput, or the throughput could doubled for 

20 the same pressure. 

Flowing the reaction stream over larger areas 
(larger cross section) permits a lower flow rate for any 
given throughput. This advantageously can be used to 
achieve a longer residence time for the reactants in any 

25 given zone (at any given throughput) so as to increase the 
extent of reaction in the zone and thus, increase yields. 

The principles of the invention are particularly 
advantageous with zones having cylindrical, hemispher i<:al , 
or spherical geometries. In such cases the flow p<ath can 

30 be directed in diverging radial directions away f:rC'm the 
first zone and into and through subsequent zones. However, 
the same principles are believed to apply to other 
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geometries including those having rectilinear and polygonal 
r,one gecimetries. 

To assist flow in diverging directions over large 
■:: ross - sect iona 1 areas of a zone, the boundaries C'f the 
5 Z'jnes are made permeable to the flc>w af a reaction stream. 
A preferred way to accomplish this is to provide permeable 
partitions separating the various zones. Such partitic^ns 
■::an have a plural it;^^ of spaced openings to permit th-i* flow 
of the reaction stream there th2:'ough in divergin'j 

10 directions. For example, one preferred partition i.s a 
screen mesh. The opienings can alsij be sized and spaced so 
as to "partition" and regulate flow from one zone to the 
next. Partitioning in this mannei" can assist in av^iiiiing 
iiaving larger amounts of flow through certain areas -jf the 

15 ::one than others. This increases yield and may reduce hot 
sriots in the zones {such as those (Containing a catalyst) , 
where exothermic reactions occur. The partitions can a.lsci 
t3erve tci captivate granular catalysts in desired zones. 

In a preferred reactor acccirding to the invent icin, 

20 a partial oxidation reaction vessel is located within a 
first zone. The vessel has an opening for emission of 
partially oxidized hydrocarbons into the first zone; and, 
the number, size, and spacing of the partition openings are 
selected to control the flow rate and uniformity of the 

25 reaction stream from the first zone and into the second 
zc'ne . The partition may also be constructed of ma-:erial 
oc-mpos i t ion , thickness, and finish selected to provide 3. 
desired degree of thermal insulation or reflectivity, to 
<\ssist in controlling heat transfer frc^m t:he partial 

30 (.)xidaticin vessel into the second zc^ne . 

While it is contemplated that a reactc^r acc'i^rding 
tc> the invention may have any numk-er of zones containing 
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::atalysts for catalyzing a desired reaction within a zone, 
a preferred embodiment specifies that a second ::one 
contains a catalyst: suitable for catalyzing a steam 
reforming reaction in the reaction stream, a third ;:one 
5 contains catalyst suitable for catalyzing a high- 
temperature shift reaction m the reaction stream, and a 
fourth zone includes a catalyst suitable for catalyzing a 
low- temperature shift reaction in the reaction stream. 

Acr;ording tC' another aspect of the invention a 

10 reactor is provided with means for heat exchange between 
heat generating portions of the reaction stream and a 
reactant feed stream prior to entry of the reactants into 
a first zone. The means is preferably disposed in at least 
one of a second, third, or subsequent zones so as to 

15 utilize heat from the reaction stream flowing therethrougn 
to preheat the feed stream. Preferably the means is 
disposed in direct contact with a granular catalyst in at 
least one of the zones so as to utilize heat from the 
reactant stream and the heat from the catalyst to preheat 

20 the feed stream. 

According to another aspect of the invention, the 
means for heat exchange with a reactant feed stream alsc^ 
includes a means for regulating the heat exchange in £3uch 
a way as to achieve a desired in the catalyst and reaction 

25 stream temperature a(::ross the zone. 

According to another aspect of the invention, a 
reactor includes a means for flowing oxygen to a first zone 
and a means for flowing a hydrocarbon fuel to be oxidized 
to the first zone. A means is provided for cooperating the: 

3 0 means for flowing oxygen and the means for flowing fuel 
such that the flow of fuel assists the flow of c^xygen to 
reduce parasitic power requirements in providing oxygen to 
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the first zone. Preferably, the means for cooperating 
includes joining the fuel flew into the oxygen flow 
d:>wnstream of a source of the oxygen (preferably air) and 
flowing the fuel at a higher velocity than a velocity of 
5 the ox";^^gen upstream of joining the fu6;l flow. 

According to certain principles of the in\^ention, 
advantageous reactor constructions can be provided by a 
vessel iiaving a first zone for containing a i^eaction 
stream, a cc'llection space for collecting product gas, and 

10 Dae or more intermediate zones are interposed between the 
first zone and the collection space. A means is provided 
f:)r directing the reactant stream from the first zone to 
the collectron space, primarily in drrect^c^ns coinc^iding 
with the directions of a substantial portion of the overall 

15 heat flux out of the vessel. Such a design is again most 
advantageous where all of the zones are arran^ged as nested; 
c:iaxial cylinders,- hemispheres; or, spheres, and tne vessel 
includes sufficient thermal insulation at appropriate areas 
such that heat flux and accordingly the reactant flow, is 

20 primarily radially outward from the first zcne to the 
collection space. 

Acccirding to the invention it is most advcmt ageous 
with nested zones to provide a boundary between each zone, 
which is permeable to the reaction stream so as to permit 

2 5 flow between relevant zones to and thrC'Ugh each subsequent 

Z(Dne thrc^ugh the respective boundaries therebetween. 

Other advantages and aspects of the present 
invention will become apparent upon reading the following 
desi::r ip't ion of the drawings and detailed description Df the 

3 0 invent ion . 

Brief C'esc r ipt ion of the Drawings 
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FIG. 1 is a view of a cylindrical reformer 
reactor 10 in vertical cross section; 

FIG. 2 is a schematic view of a horizontal cross 
section of reactor 10; 
5 FIG. 3 is partial cross section view of a jet 

ejector 54 utilized in connection with reactor 10; 

FIG. 4 is a schematic view of a vertical cross 
section of a hemispherical reactor 60; 

FIG. 5 is a schematic view of a vertical cross 
10 section of a spherical reactor 76; and, 

FIG. 6 is a schematic view of a vertical cross 
section of an alternate cylindrical reactor 96. 

FIG. 7 is a schematic view of a vertical cross 
section of another embodiment of a cylindrical reactor 
15 122. 

Detailed Description 

While this invention is susceptible of embodiment 
in many different forms, there is shown in the drawings 
and will herein be described in detail preferred 
20 embodiments of the invention with the understanding that 
the present disclosure is to be considered as an 
exemplification of the principles of the invention and is 
not intended to limit the broad aspect of the invention 
to the embodiments illustrated. It should also be 
25 understood that not every disclosed or contemplated 

embodiment of the invention needs to utilize all of the 
various principles disclosed herein to achieve benefits 
according to the invention. 

FIG. 1 discloses a reformer reactor 10 which is a 
30 miniature chemical processing system that liberates 

hydrogen from hydrocarbon fuels including alcohols, with 
carbon dioxide, water, and carbon monoxide as by- 
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products. The hydrogen can be used for any use for which 
hydrogen is desired. However, reactor 10 is particularly 
useful for providing hydrogen to be e lect r Dche-ni r 5i 1 ly 
z'-Dinbined with oxygen in a fuel cell t d produce portable 
5 electric power. 

One design emphasis for reactor 10 is 
portability. Spec i f i cat iiDns achieved by tne design are 
compactness, lightweight, operation read i ly - ava i labl e 

and eas i ly- s torable fuel (e.g., propane, alcohols, 
10 jasoline), ne ar- atmospher ic operating pressure, I jw 

overall pressure drop, and a firing rate of 250-500 Watts 
(LHV) . The reactor 10 is sized for 100 Watts of 
delivered power when integrated as a fuel ::ell power 
system . 

15 The reactor 10 has a metal cylindri(:;ai reactor 

housing 12 substantially capped at its axial ends by 
insulating slabs 14 and 16. In the hc>using 12, are 
sequentially adjacent, first, secon<d, third, and fourth 
^(jnes 18, 20, 22, and 24. As schematically shown in FIG. 

20 2, the four zones 18, 20, 22, and 24 are nested 

cylinders. At the boundaries between the zones are 
permeable partitions in the form of wire mesh screens 28, 
:'i 0 , and 32. Referring back to FIG. 1, a partial 
oxidation reaction vessel 34 is located within the first 

25 zone 18. The vessel 34 has a f rus t ocon ica 1 uppier pcirtion 
SB having an opening 36. In other embodiments the 
}:»ortion 58 could be other shap^es, such as, cylindrical or 
f rust ospher ical . 

In the basic mode of c>peration of the reactc-r 10, 

3 0 reactants, hydrocarbon fuel, steam and air are flowed as 
a reaction stream into the vessel 3 4 through inlet 38 
where a partial oxidation is effected on the reacticin 
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stream to produce hydrogen and carbon monoxide 
predominantly. Some methane is produced as well and, 
depending on the reactant fuel, small amounts of waste 
constituents, such as gaseous sulphur compounds. The 
5 reaction stream exits ii'pening 36 C'f vessel 34 and flc'ws 
into, and fills, the first zone 18. The reaction stream 
is directed in divergir.g directions from the first zc^ne 
18 and into the second zone 20 along a flow path PI 
(exemplary diverging radial directions indicated by 

10 arrows PI FIGS. 1 and 2;- . The flow of the reaction 

stream continues in the same general diverging radial 
directions through tne second, third and fourth z«Dnes 20, 
22 and 24 all along flow path PI. Flow path PI permits 
flow from an area 3 60^^ around each zone 18, 22 and 24 and 

15 over their entire axial lengths. The reacti'Dn stream 

then passes through a cylindrical wire mesh screen 42 to 
enter a cylindrical (annular) collection space 40 where 
hydrogen can be suitably collected and exited such as by 
exit tube 44. The width of the annular gas collection 

20 space 40 is chosen to sufficiently minimize pressure 
losses associated with flow consolidation and 

In operation, when the reaction stream exits the 
partial oxidation vessel 34 it is initially flowing 

25 axially with respect to the first zone 18. This is the 
point at which the flow begins its transitions to 
radially diverging directions. However, the screen 28 
has a mesh open area and sheet thickness selected to 
permit enough back - pressure so that the reaction stream 

30 fills the first zone 18. The back -pressure is stilL low 
enough so as not to impair flow efficiency or unduly 
increase parasitic energy loss. This is done to achieve 
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near-uniform flow distribution out of the first zone 18 
including from an annular area 46 surrounding the partial 
Dxidation vessel 34. The screen 28 can .alsc> be 
constructed cif material composition, thickness, and 



transferring fri:>m the exothermal partial c^xidation 
reaction vessel 34. For example, the finish could assist 
in reductii^n of radiant heat losses from che reaction 
vessel 34 an-ii tne first zone 18. Also, the flow 

10 partitioning provided by the open space alicn<g with the 
thermal conductivity of material can assist with even 
distribution of conductive and convective heat transfer 
into the second zone to reduce hot spots therein. In some 
embodimenns the partitions themselves coubi be coated 

15 with catalyst to improve comp>leteness of reaction. 



tube 48 which inside the reactor 10 is formed intc* three 
helical sections or passes as it approaches the inlet 38 
of vessel 34. tjptionally, two-phase steam/water can be 

20 fed with the fuel into tube 43. An oxygen -conta ining 
gas, preferably air, is fed to the reactor 10 through 
tube 50 which insiiie the reactor 10 is formed inc-:! two 
helical passes as it approaches the inlet 38 of vessel 
34. The multiple passes of the helical piortions of tubes 

25 48 and 50 are afforded by U-bends (not shown) joining the 
helical runs of tube 48. Preferably the inlet of the 
tubes 48 and 50 have an optimized maximal liiameter and 
the outlets have an optimized minimal (diameter. 
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finish to assist in controlling the amount of heat 



Hydroca 



rbon fuel is fed to the reactor 10 through 



30 




The secc> 



nd zone 20 contains a catalyst suitable 
steam reforminq reaction in the reaction 
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::obalt, platinum, palladium, rhodium, ruthenium, iridium, 
5Lnd a supiport such as magnesia, magnesium aluminate, 
alumina, silica, zirconia, singly or in combination. 
Alternatively, the steam reforming catalyst can be a 
single metal, sucn as nickel, or a noble metal supported 
on a refractory carrier like magnesia, magnesium 
aluminate, alumina, silica, or zirconia, singly or in 
combination, promoted by an alkali metal like potassium. 

The third zone 22 contains a catalyst suitable 
for catalyzing a high- temperature shift reaction in the 
reaction stream. Examples of suitable high temperature 
shift catalysts are those that are operable at a 
temp.erature in tlie range of between about 300 °C and about 
bOO°C. Preferably the high - temperature shift catalyst 
includes transition metal oxides, such as ferric oxide 
{Fe.Ch) and chromic oxide (Cr-O.) . Other types of high 
temperature shift catal^'sts include iron oxide and 
chromium oxide promoted with copper, iron silicide, 
supported platinum, supported palladium, and other 
supported platinum groupi metals, singly and in 
combination . 

The fourth zone 24 contains a catalyst suitable 
for catalyzing a low- temperature shift in the reaction 
stream. An example of a suitable low temperature 
modifying catalyst are those that are operable at a 
temperature in a range oi between about 150°C and atout 
300°C. Preferat)ly, the low temperature modifying 
cata].yst includes cupric oxide (CuO) and zinc oxide 
(ZnO) . Other typ»es of low temf)erature shift catalysts 
include ccipper suf)ported on iDther transition metal oxides 
like zirccinia, zim:: suppc^rted on transition metal c>xides 
or refractory supp^orts like silica or alumina, supported. 
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supported ruthenium, supported rhenium, suppc^rted 
palladium, supported rhodium and supported gc^ld. 

F'ref eraJDly , the high- and low- temperature shift 
catalysts are in granular form and the tubes 4 8 and 5 0 
5 are buried in the catalyst granules. The diameters of 

the tubes 48 and 50 are individually selected to optimize 
heat exi::hange with the reaction stream and tne catalysts 
while properly managing pressure drop. 

Preferably the fuel/steam is delivered under 

10 pressure which permits a reduction in diameter {increased 
pressure drop) in the tube 48. The vapor pressure of 
gaseous fuels such as propane, fuel can be used tc- induce 
fuel flow. In the case of alcohols, a mini-pump c>r 
auxiliary heating to Increase vapor pressure is required 

15 to establish driving pressure. It is preferable that the 
air nc't be delivered under pressure because of the 
parasitic power required to pressurize the air flc^w. 
Thus, the tube 50 can afford less pressure drop than tube 
48 and therefore it has a relatively larger diameter. 

20 As disclosed in FIG. 3, the fuel steam and air 

feeds are preferably mixed Inside the reactor housing 12 
(not shown in FIG. 1) by a means for cooperating the 
means for flowing oxygen and the means for flowing fuel 
such that the flow of fuel assists the flow of cixygen. 

25 In the preferred embodiment a jet ejector 54 is provided 
such that the fuel-steam issues at a higher velocity from 
a sma 1 lei^ -diameter tube, such as a nozzle 56, disposed in 
the axial center of a portion of the air tube 50. As 
mentii'ned befc^re, this reduces the amount of woi-k being 

30 done co deliver the requisite amount of air because jet 

eject:>r 54 pulls the air, thereby minimizing requirements 
for upistream p)re s sur i za t i on . The mixing location (i.e., 



Che location of jet ejector 54) is chosen to minimize the 
chance of ignition of reactants before they reach the 
vessel 34, while ensuring satisfactory fuel /steam/air 
m 1 X i ng . 

After mixing, the reactants are directed to che 
inlet 38 of the vessel 34. The reactants are directed 
t^ngentially around the cyl indr ica 1 ly- shaped vessel 34 so 
as to induce a swirling flow during combustion. This 
leads to better mixing, thermal homogeneity, and in 
general, better performance. For example, the swirling 
provides a higher flame stability and less tendency for 
carbon soot formation. The vessel 34 is sized to 
accommodate the requirements of 250-500 Watt thermal 
input (LHV) . A f rustoconical reducer 58 of the vessel 
34, serves to maintain flame stability internally, as 
well as enhance the view factor for radiative heat 
exchange with the suri^oundings . Using gaseous fuels or 
alcohols, the reaction stream exiting the exit 36 of the 
vessel 34 will generally consist of 18-24 volume percent 
hydrogen gas, 8-12 volume percent carbon monoxide gas, 
and 2-3 volume percent methane gas, on a dry basis. 

As the reaction stream flows through the second 
zone 20, the steam- re forming catalyst catalyzes a steam 
reforming of residual fuel. This increases hydrogen 
production efficiency. The level of methane after this 
stage will be generally on the order of 1 percent or 
less, with the hydrogen and carbon monoxide levels having 
increased accordingly. 

As the reaction stream flows through the third 
zume 22, the high - temperature shift i::atalyst accelerates 
the water/gas - shi ft reaction in the temperature range of 
rc^ughly 4 0 0 C - 6 5 0 C . These high temperatures lead to 
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increased chemical kinetics, but lead to less favorahtle 
equi 1 itjr ium , that is, higher carbon monoxide to hydrc^gen 
i-atios. The water /gas - shi f t reaction is exothermic. As 
the shaft reaction progresses, favorable equilibrium is 
5 increasingly more desirable than higher kinetic rate. In 
other words, at the inner radius o£ the third zone 22, 
high temperatures and corresponding high kinetic rates 
are desirable for a given flow tliriDughput requirement. 
Howevei', as the stream ccintinues through the catalyst, a 

10 lower temperature with mcire favorable chemical 

t^quilibrium to produce hydrogen and corresponding lower 
kinetics is desirable. 

Thus, it is impoi'tant that the temperature of the 
third zone 22 have a temperature gradient decreasing in 

15 the dii:ection of reaction stream flow across the third 
z 3ne 22 in order to optimize perrormance. This is 
addressed in reactor 10 by utilization of the 
countercurrent heat exchange accc^mpl i shed by tubes '18 and 
50 carrying the reactant feed streams. The 

20 a ir/ fuel/steam feed streams are -sold with respect to 

reaction stream and catalyst in the third zone 22, thus 
balancing the reaction stream heat rejection requirement. 

The composition of the reaction stream gases upon 
leaving the third zone 22 is 30-36 volume percent 

25 hydrogen and nominally 1 volume p-ercent carbon monoxide. 

As the reaction stream flows through the fourth 
z3ne 24, the low- temperature shiit catalyst, catalyzes 
essentially the same reactions as in the third zone 22. 
Because this reaction is also exjthermic, and should 

30 preferably be conducted at the 1-jwer t emperatureis of 250- 
4 5 0OC, heat exchange is necessary to cool the fourth 
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:^one. This cooling is effected by the first (radially 
5uter-most) helical pass of the fuel/steam tube 48. 

FIGS .4-6 disclose other exemplary reactor 
geometries which will provide significant advantages 
5 according to the present invention. 

FIG. 4 discloses a schematic cross section of a 
reformer reactor 60 with a hemispherical geometry. 
TTested, adjacent hemispherical zones 62, 64, 66, and 68 
are provided in a geometry whi::h permits a flow path P2 

10 to direct reaction stream flow in diverging radial 

directions (along spherical coordinates) from the first 
.:one 62, into and through the sequentially downstream 
::ones 64, 66, and 68 and then into a irollection space 70 
defined by a hemispherical outer shell 72. A thermally 

15 insulating base 74 is provided to assist in the effort to 
have heat loss and reaction flow directed in 'ihe same 
directions . 

FIG. 5 discloses a schematic cross section of a 
reformer reactor 76 with a spherical geometry. Nested, 

20 adjacent spherical zones 78, 80, 82, and 84 are provided 
m a geometry which permits a flow psith P3 to direct 
i-eaction stream flow in diverging radial directions 
■along spherical coordinates) from the first zone 78, 
into and through the sequentially downstream zones 80-84 

25 and then into a collection space 36 defined by a 

spherical (Duter shell 88. A spherical partial oxidation 
reaction vessel 90 (with openings, not shown) is provided 
at the center of the first zone 78. A fuel/steam tube 92 
is disclosed schematically b^- hatched line. The tube has 

30 an inlet 94 and passes through the zcmes to effect the 
advantageous heat exchanges disclosed with respect to 
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reactor 10. Similar preheat tubes could also be provided 
for air/oxygen. 

FIG. 6 discloses a schematic cross section of a 
reformer reactor 96 with a cylindrical geometry such as 
5 reactor 10. However, reactor 96 has a first ::one 93, 

which is adjacent to two second zones 100, 102, which are 
in turn adjacent to two third zones 104, 106, which are 
adjacent to two fourth zones 108, 110. Each cone is 
cylindrical; thus the geometry permits a flow path P4 to 

10 direct reaction stream flow in 180 degree diverging axial 
(rather than radial) directions from the first zone 98, 
into and through the sequentially downstream zones 100- 
110 and then into collection spaces 112, 114. As noted 
earlier, this diverging axial flow effectively doubles 

15 the throughput through the cylindrical cross section at a 
given pressure (or reduces the pressure required for a 
given throughput) as compared to conventional axial -flow 
reactor configurations. A partial oxidation reaction 
vessel 116 is provided at the center of the first zone 98 

20 and could be fed reactants through counterflow, helically 
coiled, feed stream tubes such as tubes 48,50 of reactor 
10. A cylindrical reactor housing 118 is provided with a 
thermally insulating cover 120 to assist in coinciding 
the direction of significant portions of thermal Loss 

25 with the direction of reaction stream flow. 

In all of the reformer reactors 10, 60, 76 and 
96 : partial oxidation of a hydrocarbon fuel may be 
conducted outside the reactor and a partially oxidized 
hydrocarbon reaction stream be fed intci the first zones 

30 18, 62, 78, and 98. Optionally, a partial oxidation 

reactor such as vessels 34, 90, and 116 can be located 
within the first zones. Also optionally, a reaction 
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stream may be fed into the first zones IS, 62, 78 and 98, 
m a thermal condition for steam reforming therein. In 
all of the reformer reactors 60, 76 and 96, catalysts may 
be employed as desired in the various zones including the 
5 first zones 18, 62, 78 and 98. 

One advantage of the geometries disclosed herein 
is that if a partial oxidation reaction is conducted in 
the first zone, the thermal energy of the exothermic 
reaction can be easily, and efficiently shared with a 

10 steam reforming reaction in an adjacent second zone. 

This is particularly advantageous where the second zone 
surrounds or substantially surrounds the first zone. 

Tubes such as tubes 48,50 of reactor 10 could be 
used in the same way in each reactor 10, 60, 76 and 96, 

15 to achieve the same heat exchanges for preheating 

reactants and for providing an advantageous thermal 
gradient across catalyst zones. All of the boundaries 
between zones in each of the reactors. 60, 76, and 96 are 
permeable to reaction stream flow. Permeable partitions 

20 disposed between zones, such as, mesh screens, expanded 

metal, reticulated ceramics, or the like, can be provided 
for this purpose . 

All of the reformer reactoi"S 10, 60, 76, and 96 
have housings having first zones 18, 62, 78 and 98 for 

25 containing reactants in a reactions stream, collection 
spaces 40, 70, 86, and 112, for collecting product gas, 
and all have intermediate zones interposed between the 
first zones and the collection zones. Reaction stream 
flow paths P1-P4, along with appropriate thermal 

30 insulating members, 14, 16, 74, and 120, assist :.n 

directing heate<i reaction stream frc^m the first zones to 
the collection spaces primarily in a direction coinciding 
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with the direction cf a substantial f'ortion ot the 
overall heat flux out of the reactors. 

It should be understood that advantages of the 
present invention can be achieved for reactors utilizing 
5 a flow path directing flow in diverging directions and 
continuing in the same general directions from a first 
zone into and through a second zone even though the flow 
path between other zones in the same reactor may differ. 
Reference to a "first zone," "second zone," etc. is meant 

10 only to identify a }:articular zone's relative position to 
adjacent zones of interest. 

For example, a first zone does not have to be the 
first zone or area C'f significance in the reactor. The 
designation of "first zone" merely means a zone which is 

15 immediately upstream and adjacent to a second zone of 
interest. To exemplify this, FIG. 7 is provided to 
schematically disclivse a reactor 122 similar to reactor 
10; but wherein reactants (reaction stream) initially 
flow axially {from inlet 121) through a central 

20 cylindrical steam- reforming zone 123 of the reactor 122 
(as identified generally by arrows 124) . Then the 
reactants turn and flow radially in diverging directions 
through a constricted transition zone 126 (as indicated 
by arrows 128) . Then the reaction stream flows counter- 

25 axially into an annular first zone 129 (as indicated by 
the arrows 130. Then according to the invention, the 
reaction stream flows from first Z(.Dne 129 into and 
through a second zone 132 and a third zone 134 along a 
flow path P5 . An annular collection space 136 is 

30 provided to collect the desired reaction products, with 
an outlet 138 to direct the reaction products to a 
desired location. 
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It should also be understood that "same general 
direction" intends a focus on the dominant direction of 
the overall reaction stream flow entering, traversing, 
and exiting a zone. The phrase is not intended to 
5 include minor and temporary deviations of flow direction 
through a zone of small, discrete, portions of the 
reaction stream flowing around small obstructions sucn 
as, catalyst granules, heat exchange tubes, and the solid 
portions of partitions, such as expanded metal or screen 
10 mesh. 

While the specific embodiments have been 
illustrated and described, numerous modifications come to 
mind without significantly departing from the spirit of 
the invention and the scope of protection is only limited 
15 by the scope of the accompanying claims. 



